Measurement of the adhesive force is of great interest in a large number of applications, such as powder coating and processing of cohesive powders. Established measurement methods such as Atomic Force Microscopy (AFM) and the centrifugal method are costly and time consuming. For engineering applications there is a need to develop a quick test method. The drop test method has been designed and developed for this purpose. In this test method particles that are adhered to a substrate are mounted on and are subjected to a tensile force by impacting the stub against a stopper ring by dropping it from a set height. From the balance of the detachment force and adhesive force for a critical particles size, above which particles are detached and below which they remain on the substrate, the interfacial specific energy is calculated. A model of adhesion is required to estimate the adhesive force between the particles and the surface, and in this work we use the JKR theory. The detachment force is estimated by Newton's second law of motion, using an estimated particle mass, based on its size and density and calculated particle acceleration. A number of materials such as silanised glass beads, Avicel, α-lactose monohydrate and starch have been tested and the adhesive force and energy between the particle and the substrate surface have been quantified. Consistent values of the interface energy with a narrow error band are obtained, independent of the impact velocity. As the latter is varied, different particle sizes detach; nevertheless similar values of the interface energy are obtained, an indication that the technique is robust, as it is in fact based on microscopic observations of many particles. The trends of the results obtained with the drop test method are similar to those shown in studies by other researchers using established methods like the AFM and the centrifuge method.
Introduction
Adhesion of fine particles is a topic of great interest in process engineering as it can cause undesirable effects, such as erratic or unreliable flow and blockages, leading to reduced production efficiency. Adhesion commonly arises from various forces such as van der Waals, F vdw (dominant in fine powders), electrostatic, F es , (significant in the case of highly charged particles) and capillary, F c (at high humidity levels). Details of these forces are covered by [1] [2] [3] .
There are several techniques available for measurement of the adhesive forces, including Atomic Force Microscopy (AFM) [4] ,centrifugal method [5] , electric field detachment method [6] , aerodynamic detachment [7] , and vibration method [8] . Each technique produces a different measure of adhesion due to the mechanism involved in the given method as particle deposition, surface contact measurement, strain rate, etc., will be different for each technique [9] . Furthermore particle shape and surface topography affect the force measurement even for the same particles due to variations in contact geometry [10] . Therefore, a sufficient number of measurements are required to produce reliable data, and hence measurement of adhesive forces is considered difficult, especially for irregular shapes and in the cases where the effects of temperature and moisture are involved [11] . Adhesion measurement techniques such as AFM and the centrifugal method are well developed, but unfortunately the equipment is expensive and the measurement is time consuming. A major limitation of the AFM technique from an engineering view point is that it only characterises single particle adhesion and many measurements need to be taken for irregular particles to have reliable data, making it unrealistically time consuming. Furthermore, a wide spread of values usually prevail for a given material due to variations of contact geometries and local properties. In the centrifugal detachment method the adhesion between particles and substrate is estimated by balance of centrifugal force generated from rapidly rotating the surface. The specimen is subjected to several rotational speeds following which particle detachment is examined. Electrostatic detachment method characterises particle adhesion by using electric fields to remove particle from the surface, but the limitation of this technique is that it can measure adhesion of only conducting particles. The aerodynamic method measures the adhesive force between particles and a substrate by application of a gas stream across the surface. However, particle-particle collisions mayoccurandthedragforcemaybeinfluenced by the close proximity of the particles, as such breakage wide scatter in the measurement is probable. Similarly, the hydrodynamic technique exhibits the same problems, and can only be applied for particles and surfaces which are insoluble, thus limiting its use. The vibration method provides a sinusoidally alternating stress to detach particles. However, this can cause an intensification of the adhesion force due to flattening of the asperities [12] .
Another method based on detachment of particles via vibration was introduced by Saeedi et al. [13] . The technique uses resonance frequency to bring about the rocking motion on the surface where particle has been adhered. This motion is excited by a short acoustic pulse normally generated either by air acoustic transducer or ultrasonic transducer which is connected with the flat surface acoustic transducer or ultrasonic transducer which is connected with the flat surface. With the use of fibre optic vibrometer, transient response of particles can be determined and resonance frequency of the motion can be extracted in the waveform. Similar technique was recently applied by Wanka et al. [14] using Hopkinson bar. In this technique fine pharmaceutical powders (3-13 μm) are subjected to acceleration of 500,000 g and their detachment is detected by optical microscopy. However, due to the dynamics involved in test method, these techniques are limited to narrow particle size range which can be tested typically from 3-20 μm. Furthermore the vibrational nature of this approach, the detachment arises from progressive partial slip of the contacts, rather than from a single event. One more disadvantage of these techniques is that possible plastic deformation can occur and cause damage to surface and particles at high vibration force.
A number of models have been developed to describe the contact mechanics of cohesive particles. The most widely used are the theories of Johnson et al. [15] and Derjaguin et al. [16] (DMT). The theory of Johnson (JKR) is based on the Hertz analysis, with the addition of adhesion energy modifying the contact area and requiring a pull-off force to detach the contacting particles. This pull-off force is related to the surface energy of the contact. The JKR theory assumes that the pressure distribution at the contact is such that all short range contact forces exist within the contact area. An alternative theory of adhesion is the DMT model, which considers non-contact forces of molecular attraction acting outside the contact area. Both these models are applicable under different adhesion limits. The JRK model is more appropriate for soft materials with significant adhesive forces, whilst the DMT model describes weaker attraction between stiff materials. The details on single and multiple contact mechanism are outside the scope of this study and are not covered here. Comprehensive reviews on the fundamentals of contact mechanics can be found in [17] .
In this paper we report our evaluation of the performance of the drop test method. The measurement approach is similar to that proposed by Ermis et al. [18] . However, the two methods have been developed independently and hence have different designs and analysis method. The experimental methodology is based on the concept of particle detachment by the momentum of the particles on the deceleration of the substrate. A model of adhesion is required to estimate the specific adhesive energy between the particles and the surface, and in this work the analysis of JKR is used. The detachment force is estimated by Newton's second law of motion, using an estimated particle mass, based on its size, ab cd density and calculated estimate of particle acceleration. The observation of whether a particle detached or not is done by microscopy and image analysis of the samples before and after impact.
Experimental setup & methodology
In this study, spherical glass beads are used as a model material to enable the comparison of the measurement with established techniques. A number of irregular shape pharmaceutical excipients (Avicel, α-lactose monohydrate, and starch) in the size range of 20-125 μmhavealsobeen used. Fig. 1 shows scanning electron micrographs of the test materials. The volumetric size distributions of the sample materials tested in this study were measured by Malvern Mastersizer 2000 using wet dispersion, and are shown in Table 1 .
Glass beads were made cohesive by applying a commercially available silane coating, known as Sigmacote® supplied by SigmaAldrich®. Sigmacote has the chemical 1,7-dichloro-1,1,3,3,5,5,7,7-octamethyltetrasiloxane with heptane. The sample particles were then dispersed on a silanised glass slide of 7 mm diameter shown in Fig. 2(a) . The glass slide was glued to an aluminium stub. The dispersion was carried out in the dispersion unit of the Malvern Morphologi G3® and particles on the substrate can be scanned with the Malvern G3, before the test and after the test. The sample quantity, the dispersion pressure and the injection time are set to ensure uniform dispersion and to avoid agglomerationontheslide. The experimental setup of the drop test method is shown in Fig. 3 . After particle dispersion on the glass slide, the images of particles are recorded and then the particles are subjected to the test by dropping the aluminium stub from different heights inside a glass tube. The stub accelerates and impacts against a stopper. On impact, the particles experience a tensile force, which may cause detachment depending on the balance between the tensile force and the adhesion. The process of impact and rebound of the metal stub with the stopper is recorded using a high speed video camera (Photron Fastcam SA5) which has a feature of providing resolution of up to one million frames per second, in order to calculate the impact velocity of the stub and the contact time between the stub and stopper.
The JKR theory [15] and Newton's second law of motion are used to calculate the adhesion and detachment forces. According to the JKR theory, the adhesion force (pull off force) between two bodies is obtained from Eq. (1),
where F ad is the JKR adhesive force, Γ is the interface energy and R is the reduced particle radius. The detachment force of a particle due to the momentum is obtained by,
where F det is the detachment force, m is the mass of the particle, ∆t is half of the contact time between the stub and stopper and v is the impact velocity. The impact causes the stub to decelerate, developing a tensile force between the particle and surface before rebounding. Two images recorded by the high speed camera at 75,000 frames per second are shown in Fig. 4 . If F det is greater than F ad then particles will be detached from the glass surface, whereas they will remain attached if F det is less than F ad . Therefore, a critical particle size exists above which the particles are detached and below which they remain attached for a given impact velocity. This is illustrated schematically as an example in Fig. 5 showing a number of particles before impact in Fig. 5(a) , and those that remain after impact in Fig. 5(b) .
Particles 3 and 5 are not detached as in their case F ad N F det .Inpractice this is identified for many particles using microscope before and after the drop test and automatic image analysis. In order to obtain the mass of the particle for Eq. (2), the critical size that results in detachment is taken to be the average of the smallest particle amongst all the detached particles and the largest particle amongst all the particles which have not been detached, see particle (1) in Fig. 5(a) and particle (5) in Fig. 5(b) , respectively as illustrative example. This may be simply taken as the arithmetic number mean or arithmetic volume mean. As the critical particle size is very narrow, the difference in the critical diameter between the two techniques is very narrow.
Critical diameter ¼
Particle diameter 1 ðÞ þ Particle diameter 5 ðÞ 2 ð3Þ
The calculation of particle mass is based on the projected area diameter of the particle and the envelop density. The drop test technique is dependent on pre-test and post-test image analyses of the sample for the evaluation of the critical diameter. In this work, the Malvern Morphologi G3 was used. The instrument provides detailed information about the projected particle shape and various sizes, from which the projected area equivalent circle diameter (CE) is determined.
The interface energy can then be estimated from Eq. (4), where the detachment force is equated to the adhesion force. The critical size depends obviously on the impact velocity, so it will change with different heights of fall, but it is expected that for a given material, unique specific interface energy is obtained.
Results and discussion
The experimental tests were carried out under ambient conditions of 20-25°C temperature and the relative humidity of 45-60%. Initially the effect of ageing of the coating on particle adhesion was investigated in the case of silanised glass beads that had been coated and stored for 5, 20, 30, 45 and 60 days. The results are shown in Fig. 6 . Ageing of the coating (alkoxy functional group) does not have a significant effect on particle adhesion. It means that the process of degradation of the silane coat under normal storage condition is very slow. Hence within the period of experimental work which usually takes less than a day, these should not be any notable change in the interface energy.
Experiments were then carried out on silanised glass beads using different tube heights in order to change the impact velocity (Fig. 7) . The critical particle sizes detached at different impact velocities are given in Table 2 . It can be seen that with the increase of impact velocity, the critical size of detached particles decreases. A similar trend has been observed by Salazar-Banda et al. [5] . They investigated the magnitude of force needed to detach particles from surfaces, using the centrifugal method and found that the ratio of van der Waals to gravitational forces was higher in the case of smaller size particles as expected.
The interface energy of the silanised glass beads was calculated using Eq. (4), and the values for different impact velocities are shown in Fig. 8 . The interface energy is within a narrow range, particularly for small tube (the first three data points). Switching to the taller tube giving velocities above 4 m/s causes the spreading of the data, but nevertheless the range of interface energy remains narrow at 24-30 mJ/m 2 for different impact velocities tested.
Similar tests were carried out for the other test materials, i.e. Avicel, lactose and starch and the results are shown in Fig. 9 , together with those of silanised glass ballotini for comparison. The tests here relate to a drop height of 0.45 m (impact velocity of 3.1 m/s). For each test material, five tests were carried out. The minimum and maximum interface energy values for each material are indicated by the error bars. A remarkably good repeatability can be seen for all sample materials. Particularly low values of the interface energy estimated for Avicel, lactose and starch are mainly due to the irregular particle shape, for which contact between the two bodies is through asperities. This leads to an overestimation of the of the contact area, and thus are under estimation of the adhesion energy, as the contact is actually through the surface protuberances. The contact area calculation is based on the adhesive contact of a sphere having a diameter equivalent to the projected area diameter of the particle; hence the interface energy is underestimated and should be regarded as 'apparent interface energy'. Nevertheless, despite the irregular shape a remarkably narrow spread in the interface energy is obtained, presumably because the data are based on the detachment behaviour of many particles.
To observe the effect of particle size on the interface energy, the work was extended to different grades of α-lactose monohydrate (Lactohale 100, Lactohale 200 and Lactohale 230) supplied by DMVFonterra®. These particles are manufactured in different size ranges with d 50 of 128 μm, 74 μm and 8.2 μm, respectively, determined by laser diffraction on a volumetric basis using Malvern Mastersizer 2000. Lactohale 100 (LH 100) is crystalline α-lactose monohydrate prepared by sieving, whereas Lactohale 200 (LH 200) is produced by gentle milling of crystalline α-lactose monohydrate and blended with fine α-lactose monohydrate powder resulting in irregular shaped particles. Lactohale 230 (LH 230) is very fine and produced by micronisation of α-lactose monohydrate using fluid energy milling. In these experiments the lactose samples were spread on aluminium stubs using the dispersion unit of Malvern G3 and then subjected to impact testing. The results are shown in Fig. 10 . Surprisingly the interface energy decreases with the decrease in size of the lactose particles. This behaviour may be due to different manufacturing techniques which give rise to different surfaces and require further investigation. This can give a significant change of van der Waals forces of attraction between the surface and the attached particles. In fact it is well-known that crystalline α-lactose monohydrate has some high energy spots on its surfaces and to reduce this some fine lactose powders are added in dry powder inhalation formulations [19] . Similar trend was observed by Pilcer et al. [20] who also investigated the characteristics of lactose. 
Conclusions
The drop test method has been used successfully to measure the interface energy between particles and a surface based on a balance between adhesive and tensile forces. The test particles used were glass beads made cohesive by the silanisation process, starch, Avicel and several grades of α-lactose monohydrate. It was found that the silane coat on the glass surface did not age much and that interface energy remained constant for the entire test period of 60 days. Increasing the impact velocity causes finer particles to detach, but the interface energy shows negligible variation with the impact velocity, as intrusively expected. This indirectly confirms the robustness of the method. The specific adhesion energy of silanised glass beads in contact with a flat silanised glass surface (interface energy) was measured to be about 25 mJ/m −2 . The variations of particle morphology and surface characteristics have a significant effect on the adhesion force, as indicated by differences in the interface energy various grades of α-lactose monohydrate. Thus, the drop test method is a suitable cheap and easy technique for measuring particle adhesion.
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